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Background: The intervertebral disc (IVD) is dependent on nutrient provision through a cartilage layer
with underlying subchondral bone, analogous to joint cartilage. In the joint, subchondral bone remod-
eling has been associated with osteoarthritis (OA) progression due to compromised nutrient and gas
diffusion and reduced structural support of the overlaying cartilage. However, subchondral bone changes
in IVD degeneration have never been quantiﬁed before.
Objective: The aim of this study is to determine the subchondral bone changes at different stages of IVD
degeneration by micro-CT.
Methods: Twenty-seven IVDs including the adjacent vertebral endplates were obtained at autopsy.
Midsagittal slices, graded according the Thompson score, were scanned. Per scan 12 standardized
cylindrical volumes of interest (VOI) were selected. Six VOIs contained the bony endplate and trabeculae
(endplate VOIs) and six accompanying VOIs only contained trabecular bone (vertebral VOIs). Bone
volume as percentage of the total volume (BV/TV) of the VOI, trabecular thickness (TrTh) and connec-
tivity density (CD) were determined.
Results: An increase in BV/TV and TrTh was found in endplate VOIs of IVDs with higher Thompson score
whereas these values remained stable or decreased in the vertebral VOIs.
Conclusion: The increase in bone volume combined with the increase in TrTh in endplate VOIs strongly
suggest that the subchondral endplate condenses to a more dense structure in degenerated IVDs. This
may negatively inﬂuence the diffusion and nutrition of the IVD. The endplate differences between intact
and mild degenerative IVDs (grade II) indicate an early association of subchondral endplate changes with
IVD degeneration.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) and intervertebral disc (IVD) degeneration
are themost common degenerative diseases of the musculoskeletal
system. The extracellular matrix of both articular cartilage and the
IVD mainly consists of collagen type II, and proteoglycans. Degen-
eration of their extracellular matrix is biochemically very similarL.B. Creemers, Department of
eidelberglaan 100, 3584 CX
31-30-251-0638.
H.J. Rutges), l.b.creemers@
s Research Society International. Pand characterized by degradation through matrix metallopro-
teinases (MMPs) and ADAMTSs (a disintegrin and metal-
loproteinasewith thrombospondinmotifs)1,2. Similarity is also seen
in clinical and radiological presentation of these diseases. Pain is
the most imported clinical sign and radiological hallmarks are
decreased joint space/disc height, osteophyte formation and sub-
chondral sclerosis.
A particular hallmark of OA is the subchondral bone changes,
including thickening of the subchondral plate, increased stiffness of
subchondral bone and an increased bone turnover3e6. Thickening
of the subchondral bone in OA is thought to negatively inﬂuence
the nutrition of cartilage by limiting the diffusion of nutrients
through the endplate7,8. Moreover, increased stiffness of theublished by Elsevier Ltd. All rights reserved.
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OA by increase of shear stresses in the overlaying cartilage9,10 and
subsequent induction of degeneration.
Also in the IVD, calciﬁcation of the cartilage endplate and sub-
chondral bone changes are frequently observed. Endplate sclerosis
is a radiological hallmark of IVD degeneration and is commonly
seen on Radiographs of degenerative IVDs11,12. Permeability of
subchondral bone is decreased in degenerative IVDs and as nutri-
ents are supplied to the IVD by diffusion, primarily from vessels in
the subchondral bone and to a limited extent from peripheral blood
vessels in the annulus ﬁbrosus, the degenerative changes may be
related to the decreased nutrition in the degenerative IVD11e14.
However, little is known about the exact nature of the changes
occurring in the subchondral endplate during IVD degeneration.
Moreover, for a causative role in IVD degeneration, subchondral
changes should already be present in IVDs at an early degeneration
stage, which usually do not induce clinical symptoms and therefore
have hitherto not been studied. Therefore the aim of this study is to
quantify the subchondral bone changes occurring during IVD
degeneration by micro-computed tomography (micro-CT) analysis
of a set of IVDs spanning the full range of Thompson degeneration
grades.
Materials and methods
Sample acquisition
IVDs were obtained during a standard post-mortem procedure
in which the lumbar spine is partly removed for diagnostic
purposes. IVDs were obtained within 48 h of death (average 18.6 h).
During the post-mortem delay, bodies were kept at 4C in the
mortuary. Patients with skeletal disorders, e.g., evident scoliosis or
metastatic disease affecting skeletal tissues, were excluded from
this study. Cardiovascular disease was the most common cause of
death. From all patients, the IVD between fourth and ﬁfth lumbar
vertebrae (L4eL5), including the vertebrae and adjacent endplates,
was obtained. After resection, the discs were sawed in sagittal
samples. Of each IVD a midsagittal sample was ﬁxed and stored in
4% formalin and graded according to the Thompson degeneration
score by three individual observers (FO, LC and JR, Table 1)15. IVDs
from 27 deceased patients (mean age 53.7 years, range 3.3e90.8
years) with an even distribution of the Thompson degeneration
grades were selected for this study (Table I). The formalin-ﬁxed
midsagittal samples were used for micro-CT analysis (Fig. 1).
The scientiﬁc committee from the Department of Pathology of
our institution approved the study. IVDs were stored in the tissue
bank of the Department of Pathology/Biobank, and were used in
line with the code “Proper Secondary Use of Human Tissue” as
installed by the Federation of Biomedical Scientiﬁc Societies16.
Micro-CT (Fig. 2)
Themidsagittal sections were scanned using a micro-CT scanner
(Skyscan 1076, Skyscan, Kontich, Belgium). A scan of 180 degreesTable I
Number of samples and patient characteristics for each group, stratiﬁed according
the Thompson score
Thompson grade N Male/Female Mean age (years) Range
I 5 20%/80% 12.7 3.3e21.8
II 5 80%/20% 41.7 17.0e60.0
III 7 86%/14% 71.0 56.0e78.9
IV 6 67%/33% 63.0 23.8e79.8
V 4 25%/75% 75.9 57.4e90.8
Total 27 59%/41% 53.7 3.3e90.8was made at a voltage of 60 kV and a current of 167 mA using a 0.5
aluminum ﬁlter and an exposure time of 4.4 s. Three-dimensional
(3D) reconstructions were created using NRecon (NRecon software
version 1.5, Skyscan, Belgium). The reconstructed datasets had
a voxel size of 17.8 mm. In the reconstructed datasets, six pairs of
cylindrical volume of interests (VOIs) were selected (Fig. 2). First,
six VOIs were placed at the anterior, the posterior and the center of
the cranial and caudal endplate. Osteophytes and calciﬁcations of
the cartilaginous growth plate were not included in the VOIs. The
cylinders were placed in such way that the center of circle was put
exactly on top of the endplate and therefore only half of the VOI
contains bony structures (21 mm3 of 42 mm3). The diameter of the
cylinder was 5.4 mm and the length was 1.8 mm. The thinnest
midsagittal sample of the analyzed IVDs was 1.8 mm thick and
therefore a cylinder length of 1.8 mmwas used for every sample. In
thicker samples the cylinder is placed in the center of the sample.
The VOIs at the endplate are referred to as ‘endplate VOIs’ and
contain both the bony endplate and the subchondral trabeculae.
To be able to assess the endplate speciﬁcally, a ‘vertebral VOI’
was selected in parallel to each endplate VOI. The center of the
cylindrical VOI was placed in the trabecular bone 3.15 mm from the
center of the cylinder of its subsequent endplate VOI. Although
there was an overlap of 1.4 mm between the endplate and vertebral
VOI, the vertebral VOI never contained endplate bone. To get the
same volume of bony structures as in the endplate VOIs, a diameter
of 3.9 mm was used for the vertebral VOI, resulting in a volume of
21 mm3. In contrast to the endplate VOI, the vertebral VOI only
contained trabecular bone, which enables the assessment of the
endplate by comparing the morphometric parameters of both VOIs.
To analyze the bony structures, binary datasets of each VOI was
made using a local threshold algorithm (3D Calculator software
freely available at http://www.erasmusmc.nl/orthopaedie/
research/klinres)17. In each VOI, the bone architecture was charac-
terized by determining the bone volume fraction, bone volume
over total volume (BV/TV). Since bone is present in only the half of
the endplate plate VOIs the total volume was divided by two.
Furthermore the 3D trabecular thickness and connectivity density
(CD) were determined. Although subchondral endplate micro-
fractures have been described in degenerative IVDs, no endplate or
spongy bone fractures were observed in the VOIs of the degener-
ative IVDs14.
Statistics
Statistical differences between endplate and accompanying
vertebral VOIs from the same degeneration grade were analyzed by
paired T-tests. Differences between degeneration grades and the
three regions of the IVD (anterior, central and posterior) were
determined by analysis of variance (ANOVA) followed by Bonfer-
roni correction. Mean BV/TV, TrTh and CD were calculated from the
data from all the three regions of the IVD (anterior, central and
posterior). Statistical analysis was performed with SPSS 16.0
software (SPSS Inc, Chicago United States of America).
Results
Bone volume fraction
Bone volume fractions (BV/TV) in the vertebral VOIs (not con-
taining any endplate material) varied slightly between the samples
(range 8e12%), without signiﬁcant differences between the
different degenerative grades. The BV/TV in the endplate VOI
ranged from 20% to 30%. Grade II, III and V IVDs showed a signiﬁ-
cantly higher BV/TV in the endplate VOIs compared to the grade I
VOIs (P¼ 0.003, P¼ 0.004 and P¼ 0.019, respectively) [Fig. 3(A)].
Fig. 1. Example of macroscopical appearance and micro-CT images of IVDs for each degeneration grade according to the Thompson score.
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wassigniﬁcantly increased indegenerationgrade IIeV incomparison
tohealthygrade I IVDs (P¼ 0.004,P< 0.0001, P¼ 0.008andP¼ 0.013
respectively), indicating a relatively thick endplate [Fig. 3(B)].
Bone volume fraction in endplate and vertebral VOIs per region
BV/TV in the vertebral VOIs ranged from 9.8% to 11.6% and no
statistically signiﬁcant differences were found between anterior,
center or posterior regions of the endplate. In the endplate VOIs BV/
TV ranged from 16.3% to 31.7%. A signiﬁcantly higher BV/TV in the
anterior VOIs in comparison to the center VOIswas found in grade III
and IV IVDs (P¼ 0.023 and P¼ 0.013 respectively). A higher BV/TV in
comparison to the center VOIs was also found in the posterior VOIs
in grade IV and V (P¼ 0.030 and P¼ 0.039 respectively) (Table II).
TrTh
The TrTh measured in the vertebral VOIs was not signiﬁcantly
different between the degeneration grades and was approximately
150 mm for all IVDs. Mean TrTh in the endplate VOI was in the rangeFig. 2. Schematic overview of study procedure:of 150 to 250 mm. The grade I endplate VOIs were 150 mm, indi-
cating that the trabeculae in the endplate of these healthy discs are
similar to the trabeculae in the vertebral body. Grade IIeV endplate
TrTh showed higher values, 200e250 mm, compared to grade I
endplates (P¼<0.0001, P< 0.0001, P¼ 0.006 and P¼ 0.0001
respectively for grade II till V). Additionally, in grade II, III and IV
IVDs, an increase in difference in TrTh between endplate en
vertebral VOIs was found in comparison to grade I IVDs (P< 0.0001,
P< 0.0001, and P¼ 0.002 respectively) (Table III).CD
Mean CD in the vertebral VOIs ranged from 3.5 to 7.0 Conn/mm3,
and 10 to 20 CD in the endplate VOIs. CD in the vertebral VOIs
appeared quite stable, although signiﬁcantly lower CD levels were
found in grade III and IV vertebral VOIs compared to grade I VOIs
(P< 0.0001 and P¼ 0.006 respectively). In the endplate VOIs
a signiﬁcant lower CD was found in grade II, III and IV IVDs in
comparison to healthy grade I IVDs (P¼< 0.0001, P¼ 0.001 and
P¼ 0.005 respectively) (Table III).micro-CT, VOI selection, and segmentation.
Fig. 3. A: Bone volume fraction for endplate and vertebral VOIs for each degeneration grade. B: Difference in bone volume fraction between endplate and vertebral VOIs for each
degeneration grade. Grade II, III and V IVDs showed a signiﬁcantly higher BV/TV in the endplate VOIs compared to the grade I VOIs. Error bars represent 95% conﬁdence intervals.
Grade I: N¼ 5, II: N¼ 5, III: N¼ 7, IV: N¼ 6 and grade V: N¼ 4. * P< 0.05.
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This study shows that the architecture of the subchondral
endplate differs at different stages of IVD degeneration. We suggest
that these differences represent changes in time with subsequent
stages of IVD degeneration and are initiated already at a relatively
early stage in the disease process, since stage II IVDs already
signiﬁcantly differ from stage I IVDs. Quantiﬁcation of these
changes showed an increase in bone volume and TrTh in the end-
plate during degeneration. Moreover, the bone volume was found
to be increased speciﬁcally in the anterior and posterior regions of
the endplate of degenerative discs. Connectivity was relatively
constant in the vertebral VOIs and was slightly decreased in the
endplates of grade II, III and IV discs. Signiﬁcantly higher bone
volume, TrTh and CD were found in most of endplate VOIs
compared to the matching vertebral VOIs. This is in line with
calciﬁcation of the cartilage endplate and sclerosis in aging and
degenerative discs reported before18e21. However the current study
is the ﬁrst to quantify the subchondral bone changes in a set of IVDs
spanning the full range of Thompson degeneration grades.
The clear increase in bone volume and TrTh during IVD degen-
eration in the current study is similar to the subchondral changes
observed in human OA22e26. However, micro-CTanalysis of joints in
animal models of OA showed a consistent decrease in bone volume
and TrTh 27e30. This possibly indicates that the changes found in
animals are part of the early stages of OA, which cannot be observed
in humans since patients are still asymptomatic at this stage.Table II
Endplate VOI bone volume fraction (BV/TV) per endplate region (anterior, center and po
Thompson grade BV/TV
Endplate VOI Anterior 95% CI
I N¼ 5 21.2 15.4e27.0
II N¼ 5 27.9 21.7e34.2
III N¼ 7 30.1* 26.6e33.5
IV N¼ 6 23.7* 19.7e27.4
V N¼ 4 30.5 18.9e42.0
Vertebral VOI
I N¼ 5 11.6 8.2e15.1
II N¼ 5 14.5 12.5e16.4
III N¼ 7 10.3 8.5e12.1
IV N¼ 6 8.1 5.6e10.6
V N¼ 4 15.6 10.3e20.8
A statistically signiﬁcantly higher BV/TV in the anterior endplate VOIs in comparison to th
TV in comparison to the center VOIs was also found in the posterior endplate VOIs in gra
between anterior, center or posterior regions of the endplate. * P< 0.05.However, in the current study the earliest stage of IVD degeneration
(grade II) showed an increase rather than a decrease in bone
volume or TrTh. This may suggest that OA does not in all aspects
etiologically resemble IVD degeneration. Micro-CT techniques have
been used in two animal models for IVD degeneration31,32. Unfor-
tunately bone volume and TrTh were not determined and only
roughening and pitting of the endplate surface was described31,32.
Surprisingly, no osteoporotic changes in bone volume were found
in the vertebral bodies adjacent to the grade V discs, despite the fact
that these samples were mostly derived from older and mainly
female patients. This phenomenon may be related to the changed
mechanical loading in the degenerative IVD. In end stage IVD
degeneration, the entire IVD is replaced by nonfunctional ﬁbrous
scar tissue. Compressive forces in grade V discs are mainly guided
along the large osteophytes growing from the vertebral bodies,
thereby indirectly increasing the load on the bone of the vertebral
bodies and thereby enhancing bone formation33. In addition we
have observed a gradual increase in osteoprotegerin (OPG) levels in
the IVD during degeneration (Rutges et al, Osteoarthritis Cartilage
2010 Epub ahead of print), which in grade V discs, in combination
with the increased permeability of the endplate at this stage, may
further have increased vertebral bone density, CD was decreased
between grade I and II IVDs, but not at later stages of degeneration.
In human proximal tibiae with early OA, CD of the subchondral
plate was found to be decreased, most likely as a result of increased
bone remodeling26. Connectivity in later stages of OA has not yet
been evaluated.sterior) for each degeneration grade
Center 95% CI Posterior 95% CI
20.7 16.4e25.0 18.9 16.1e21.7
26.1 22.4e29.8 28.3 23.8e32.8
23.3* 20.8e25.8 26.7 22.2e31.2
16.3* 12.4e20.2 22.9* 19.3e26.4
18.0* 12.0e24.0 31.7* 25.1e38.4
13.6 9.3e17.9 12.3 9.9e14.7
11.9 8.9e14.9 13.6 11.5e15.8
8.2 7.0e9.5 11.4 8.3e14.4
6.5 3.4e9.6 7.8 4.5e11.1
9.7 6.4e12.0 13.4 8.6e18.1
e center VOIs was found in grade III and IV IVDs. A statistically signiﬁcant higher BV/
de IV and V. In the vertebral VOIs no statistically signiﬁcant differences were found
Table III
TrTh and CD for endplate and vertebral VOIs for each degeneration grade
Thompson grade TrTh CD
Endplate VOI Endplate VOI 95% CI Endplate VOI 95% CI
I N¼ 5 150.7* 144.1e157.3 19.6* 16.8e22.4
II N¼ 5 235.4* 212.8e257.9 10.4* 8.2e12.5
III N¼ 7 209.5* 194.2e224.7 12.2* 10.6e13.9
IV N¼ 6 193.7* 179.4e208.1 13.5* 10.4e16.5
V N¼ 4 206.8* 183.2e230.4 15.7 11.0e20.4
TrTh CD
Vertebral VOI Vertebral VOI 95% CI Vertebral VOI 95% CI
I N¼ 5 147.0 137.1e157.0 6.8* 5.7e7.9
II N¼ 5 165.6 150.8e180.4 5.2 4.4e6.1
III N¼ 7 149.5 135.1e163.8 3.7* 3.0e4.3
IV N¼ 6 140.4 133.2e147.7 4.1* 2.5e5.7
V N¼ 4 164.3 148.3e180.4 5.4 4.1e6.6
In Grade II to V endplate VOIs TrTh was statistically signiﬁcantly higher when
compared to grade I endplates. In the vertebral VOIs no statistically signiﬁcant
differences in TrTh were found. In the endplate VOIs a statistically signiﬁcant lower
CD was found in grade II, III and IV IVDs in comparison to grade I IVDs. A statistically
signiﬁcant lower CDwas found in grade III and IV vertebral VOIs compared to grade I
VOIs. * P< 0.05.
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chondral bone changes in IVD degeneration nor whether sub-
chondral bone changes cause degeneration of the extracellular
matrix of the IVD or vice versa. The early onset of bone changes
found in the endplate could indicate that these changes may be
instrumental in the initiation or progression of IVD degeneration. In
OA, subchondral bone changes have been found to coincide with or
even precede cartilage destruction10,34e36. However, as the imaging
methods used were not able to detect micro-damage to the carti-
lage, it cannot be excluded that degeneration had already started in
the latter tissue. Alternatively, changes in the biomechanical envi-
ronment of the joint, for example by a rupture of the anterior
cruciate ligament may simultaneously affect both the articular
cartilage and the subchondral bone34,36.
One of the mechanisms postulated to be responsible for IVD
degeneration is through diminished nutrition caused by endplate
calciﬁcation and subchondral bone changes14. The plausibility of this
hypothesis was recently shown in an animal model in which the
permeability in the degenerative discs appeared to be correlated to
a reduction in thebonemarrowcontact channel surfaceof theendplate
in degenerated IVDs32. In humans the permeability of the cartilage
endplate and the subchondral endplate is signiﬁcantly lower in
degenerative IVDs, which was shown by limited gadolinium diffusion
as imaged by Magnetic Resonance Imaging (MRI), and high levels of
lactic acid and concomitant lowpHvalues in degenerative IVDs14,37e40.
Additionally, in scoliotic spines, sclerosis of the endplate is
found to be associated with limited diffusion in the IVDs20,38,41. In
contrast, in end stage IVD degeneration, the endplate is thought to
be more permeable due to loss of the endplate cartilage and an
increased number of cracks and micro-fractures in the subchondral
endplate. In the current study, a loss of bone volume, loss of TrTh
and a more trabecular appearance were found in the more
advanced stages of IVD degeneration, which is, however, not
capable of restoring IVD tissue integrity.
In addition to diffusion and permeability of the IVD, vasculari-
zation of the endplate is also essential for its nutrient supply. The
blood supply of the IVD consists of capillaries penetrating the
annulus ﬁbrosus and more importantly a capillary bed which
penetrates the subchondral endplate14. In degenerated IVDs, both
the number and size of channels for the penetrating capillaries are
reduced14. Changes in the vascularization of the degenerated IVD
will most likely further enhance the effect of the limited diffusion
and permeability.If bony alterations would really be at the basis of IVD degener-
ation, which cannot be proven by the cross-sectional design of this
and other studies, it remains under debate whether biomechanical
alterations or changes in nutrient diffusion are the major mecha-
nism involved, as any change in trabecular morphology affecting
diffusion is also likely to affect biomechanical properties. The
notion that in particular moderate degeneration is accompanied by
an increase in bone volume of the anterior and posterior regions
rather than the central region, suggests a changed load distribution,
with more load transfer in the outer zones of the degenerated disc
and relative stress shielding in the center, as described before33. At
least at this stage, degeneration of the nucleus pulposus reducing
the force transmission in the central zone of the disc seems to be
responsible for the observed changes and not vice versa. Moreover,
assuming that the tissue volume of the endplate that is not ﬁlled
with bone is the portion of the endplate that capacitates diffusion,
the changes found during degeneration were actually minor, with
80% of total volume taken up by tissue other than bone in healthy
IVDs vs 70% during degeneration. In contrast, biomechanical
properties are determined by the bony portion of the endplate, for
which more intense changes were found, up to 50% increase in
bone volume, biomechanical changes may have played a more
profound role than changes in diffusion. It would be interesting to
investigate the biomechanical outcome in terms of endplate
strength and elasticity of the combination of sharply increased TrTh
and decreased connectivity in grade II discs. Of course, this cannot
rule out as yet undetected changes in diffusivity of endplate carti-
lage which, rather than bony changes, may have played a role in
inhibiting nutrient diffusion.Conclusion
Subchondral bone changes are already observed as early as in
grade II IVDs, indicating that subchondral endplate changes are
associated with early development of IVD degeneration. The
changed morphology of degenerative subchondral endplates could
affect diffusion of nutrients, change biomechanical loading and
enhance further degeneration of the IVD. However, from this data it
cannot be concluded whether subchondral changes play an etio-
logical role in the development of IVD degeneration or that these
changes are due to biomechanical changes subsequent to the
degeneration itself.Author contributions
Rutges JPHJ: Conception and design, Analysis and interpretation
of the data, Drafting of the article, Final approval of the article,
Statistical expertise, Obtaining of funding, Collection and assembly
of data.
Jagt van der OP: Conception and design, Analysis and interpre-
tation of the data, Critical revision of the article for important
intellectual content, Final approval of the article, Administrative,
technical, or logistic support, Collection and assembly of data.
Oner FC: Conception and design, Analysis and interpretation of
the data, Critical revision of the article for important intellectual
content, Final approval of the article.
Verbout AJ: Conception and design, Analysis and interpretation
of the data, Critical revision of the article for important intellectual
content, Final approval of the article.
Castelein RJM: Conception and design, Analysis and interpre-
tation of the data, Critical revision of the article for important
intellectual content, Final approval of the article.
Kummer JA: Provision of studymaterials or patients, Conception
and design, Analysis and interpretation of the data, Critical revision
J.P.H.J. Rutges et al. / Osteoarthritis and Cartilage 19 (2011) 89e9594of the article for important intellectual content, Final approval of
the article.
Weinans H: Conception and design, Analysis and interpretation
of the data, Critical revision of the article for important intellectual
content, Final approval of the article, Administrative, technical, or
logistic support.
Creemers LB: Conception and design, Analysis and interpreta-
tion of the data, Drafting of the article, Final approval of the article,
Obtaining of funding.
Dhert WJA: Conception and design, Analysis and interpretation
of the data, Critical revision of the article for important intellectual
content, Final approval of the article.
JPHJ Rutges and Laura Creemers take responsibility for the
integrity of the work as a whole, from inception to ﬁnished article.
Conﬂict of interest
There were no conﬂict of interests to report.Acknowledgments
Other contributors: The authors acknowledge F. Bernhard and A.
de Ruiter from the Department of Pathology from the UMCU
Utrecht the Netherlands for their help in obtaining the IVD
specimens.
Acknowledgment of funding sources: This studywas supported by
the Dutch Arthritis Association and the Anna Foundation.
Statement of role of funding source in publication: The Dutch
Arthritis Association and the Anna Foundation had no role in study
design, collection, analysis and interpretation of data; in thewriting
of the manuscript; and in the decision to submit the manuscript for
publication.References
1. Bramono DS, Richmond JC, Weitzel PP, Kaplan DL, Altman GH.
Matrix metalloproteinases and their clinical applications in
orthopaedics. Clin Orthop Relat Res 2004;428:272e85.
2. Le Maitre CL, Pockert A, Buttle DJ, Freemont AJ, Hoyland JA.
Matrix synthesis and degradation in human intervertebral disc
degeneration. Biochem Soc Trans 2007;35:652e5.
3. Bailey AJ, Mansell JP, Sims TJ, Banse X. Biochemical and
mechanical properties of subchondral bone in osteoarthritis.
Biorheology 2004;41:349e58.
4. Grynpas MD, Alpert B, Katz I, Lieberman I, Pritzker KP. Sub-
chondral bone in osteoarthritis. Calcif Tissue Int 1991;49:
20e6.
5. Day JS, Ding M, Van Der Linden JC, Hvid I, Sumner DR,
Weinans H. A decreased subchondral trabecular bone tissue
elastic modulus is associated with pre-arthritic cartilage
damage. J Orthop Res 2001;19:914e8.
6. Karachalios T, KarantanasAH,Malizos K.Hip osteoarthritis:what
the radiologist wants to know. Eur J Radiol 2007;63:36e48.
7. Malinin T, Ouellette EA. Articular cartilage nutrition is medi-
ated by subchondral bone: a long-term autograft study in
baboons. Osteoarthritis Cartilage 2000;8:483e91.
8. Zhou S, Cui Z, Urban JP. Factors inﬂuencing the oxygen
concentration gradient from the synovial surface of articular
cartilage to the cartilage-bone interface. Arthritis Rheum
2004;50:3915e24.
9. Radin EL, Paul IL, Rose RM. Role of mechanical factors in
pathogenesis of primary osteoarthritis. Lancet 1972;1:519e22.
10. Radin EL, Rose RM. Role of subchondral bone in the initiation
and progression of cartilage damage. Clin Orthop Relat Res
1986;213:34e40.11. Bell GR, Ross JS. Imaging of the spine. In: Frymoyer JW,
Wiesel SW, Eds. The adult & pediatric spine. 3rd edn. Phila-
delphia: Lippincott, Williams & Wilkins; 2004:69e86.
12. Burkus JK, Zdeblick TA. Lumbar disc disease. In: Frymoyer JW,
Wiesel SW, Eds. The adult & pediatric spine. 3rd edn. Phila-
delphia: Lippincott, Williams & Wilkins; 2004:844e99.
13. Haefeli M, Kalberer F, Saefesser D, Nerlich AG, Boos N,
Paesolf G. The course of macroscopic degeneration in the
human lumbar intervertebral disc. Spine 2006;31:1522e31.
14. Urban JP, Smith S, Fairbank JC. Nutrition of the intervertebral
disc. Spine 2004;29:2700e9.
15. Thompson JP, Pearce RH, Schechter MT, Adams ME, Tsang IKY,
Bishop PB. Preliminary evaluation of a scheme for grading the
gross morphology of the human intervertebral disc. Spine
1990;15:411e5.
16. Code forproper secondaryuseof human tissue in theNetherlands,
http://www.federa.org/?s¼1&m¼82&p¼0&v¼4#827; 2002
17. Waarsing JH, Day JS, Weinans H. An improved segmentation
method for in vivo microCT imaging. J Bone Miner Res
2004;19:1640e50.
18. Bernick S, Cailliet R. Vertebral end-plate changes with aging of
human vertebrae. Spine 1982;7:97e102.
19. Resnick D. Degenerative diseases of the vertebral column.
Radiology 1985;156:3e14.
20. Roberts S, Urban JP, Evans H, Eisenstein SM. Transport prop-
erties of the human cartilage endplate in relation to its
composition and calciﬁcation. Spine 1996;21:415e20.
21. Roberts S, McCall IW, Menage J, Haddaway MJ, Eisenstein SM.
Does the thickness of the vertebral subchondral bone reﬂect
the composition of the intervertebral disc? Eur Spine J
1997;6:385e9.
22. Carlson CS, Loeser RF, Puser CB, Gardin JF, Jerome CP. Osteo-
arthritis in cynomolgus macaques. III: effects of age, gender,
and subchondral bone thickness on the severity of disease.
J Bone Miner Res 1996;11:1209e17.
23. Day JS, Van Der Linden JC, Bank RA, Ding M, Hvid I, Sumner DR,
et al. Adaptation of subchondral bone in osteoarthritis.
Biorheology 2004;41:359e68.
24. Dequeker J, Mokassa L, Aerssens J, Boonen S. Bone density and
local growth factors in generalized osteoarthritis. Microsc Res
Tech 1997;37:358e71.
25. Kamibayashi L, WySs UP, Cooke TD, Zee B. Trabecular micro-
structure in the medial condyle of the proximal tibia of
patients with knee osteoarthritis. Bone 1995;17:27e35.
26. Ding M, Odgaard A, Hvid I. Changes in the three-dimensional
microstructure of human tibial cancellous bone in early oste-
oarthritis. J Bone Joint Surg Br 2003;85:906e12.
27. Botter SM, van Osch GJ, Waarsing JH, Day JS, Verhaar JA,
Pols HA, et al. Quantiﬁcation of subchondral bone changes in
a murine osteoarthritis model using micro-CT. Biorheology
2006;43:379e88.
28. Botter SM, van Osch GJ, Waarsing JH, van der Linden JC,
Verhaar JA, Pols HA, et al. Cartilage damage pattern in relation
to subchondral plate thickness in a collagenase-induced model
of osteoarthritis. Osteoarthritis Cartilage 2008;16:506e14.
29. McErlain DD, Appletan CT, Litchﬁeld RB, Pitelka V, Henry JL,
Bernier SM, et al. Study of subchondral bone adaptations in
a rodent surgical model of OA using in vivo micro-computed
tomography. Osteoarthritis Cartilage 2008;16:458e69.
30. Sniekers YH, Intema F, Lafeber FP, van Osch GJ,
van Leeuwen JP, Weinans H, et al. A role for subchondral bone
changes in the process of osteoarthritis; a micro-CT study of
two canine models. BMC Musculoskelet Disord 2008;9:1e11.
31. Gruber HE, Anshraf N, Kilburn J, Williams C, Norton HJ,
Gordon BE, et al. Vertebral endplate architecture and
J.P.H.J. Rutges et al. / Osteoarthritis and Cartilage 19 (2011) 89e95 95vascularization: application of micro-computerized tomog-
raphy, a vascular tracer, and immunocytochemistry in analyses
of disc degeneration in the aging sand rat. Spine 2005;30:
2593e600.
32. Laffosse JM, Accadbled F, Molinier F, Bonnevialle N,
de Gauzy JS, Swider P. Correlations between effective perme-
ability and marrow contact channels surface of vertebral
endplates. J Orthop Res 2010;28:1229e34.
33. Homminga J, Weinans H, Gowin W, Felsenberg D, Huiskes R.
Osteoporosis changes the amount of vertebral trabecular bone
at risk of fracture but not the vertebral load distribution. Spine
2001;26:1555e61.
34. Bailey AJ, Mansell JP. Do subchondral bone changes exacerbate
or precede articular cartilage destruction in osteoarthritis of
the elderly? Gerontology 1997;43:296e304.
35. Blummenkrantz G, Lindsey CT, Dunn TC, Jin H, RiesMD, Link TM,
et al. A pilot, two-year longitudinal study of the interrelationship
between trabecular bone and articular cartilage in the osteoar-
thritic knee. Osteoarthritis Cartilage 2004;12:977e1005.
36. Lindsey CT, Narasimhan A, Adolfo JM, Jin H, Steinbach LS,
Link TM, et al. Magnetic resonance evaluation of theinterrelationship between articular cartilage and trabecular
bone of the osteoarthritic knee. Osteoarthritis Cartilage
2004;12:86e96.
37. Diamant B, Karlsson J, Nachemson A. Correlation between
lactate levels and pH in discs of patients with lumbar rhizo-
pathies. Experientia 1968;24:1159e96.
38. Kitano T, Zerwekh JE, Usui Y, Edwards ML, Flicker PL,
Mooney V. Biochemical changes associated with the symp-
tomatic human intervertebral disk. Clin Orthop Relat Res
1993;293:372e7.
39. NachemsonA, LewinT,MaroudaA, FreemanMA. In vitro diffusion
of dye through the endplates and annulus ﬁbrosus of human
lumbar intervertebral discs.ActaOrthopScand1970;41:589e607.
40. Nguyen-minh C, Haughton VM, Papke RA, An H, Censky CS.
Measuring diffusion of solutes into intervertebral disks with
MR imaging and paramagnetic contrast medium. AJNR Am J
Neuroradiol 1998;19:1781e4.
41. Urban MR, Fairbank JC, Etherington PJ, Loh L, Winclove CP,
Urban JP. Electrochemical measurement of transport into
scoliotic intervertebral discs in vivo using nitrous oxide as
a tracer. Spine 2001;26:984e90.
